A simple hypothesis-driven model of how floating marine plastic litter is blown onto a beach, and then moved on and off the beach by winds and rising and falling water levels is implemented in a computer simulation. The simulation applied to Aberdeen beach, Scotland, suggests that the interaction between varying winds and water levels alone, coupled to an assumed constant offshore floating litter density, can account for 1) the order of magnitude of the long term average (2000−2010) beach plastic litter loading (observed = 127 np/100 m, simulated = 114 np/100 m); 2) the observed frequency spectrum of low water beach plastic litter loadings; 3) the magnitude of the ratio between offshore floating plastic litter densities and onshore beach plastic litter loadings; 4) zero overall net beach plastic litter accumulation. Results are relevant to beach survey design, designing methods to estimate litter accumulation rates and the setting of MSFD beach litter targets.
Introduction
There is a growing realisation that plastic pollution in our oceans is a major concern (e.g. Derraik, 2002; Jambeck et al., 2015) . Globally efforts are being made to understand the sources, fate and impact of marine plastics (e.g. Galgani et al., 2015) . Regionally, in Europe, the Marine Strategy Framework Directive (MSFD, 2008/56/EC) requires Member States to monitor the abundance and composition of marine plastics and litter in their waters (e.g. Galgani et al., 2013; Schulz et al., 2017) . Within Scotland, a devolved region of the United Kingdom, efforts are underway to understand marine plastics within our own waters, and this study is a contribution to that effort.
Macroplastics (> 2.5 cm) and microplastics (< 5 mm) are now ubiquitous in the marine environment throughout the global oceans, and their impact on biodiversity and ecosystems is increasingly being realised (e.g. Derraik, 2002) . Plastics have been found in the water column, in sea-bed sediments, in sea ice, ingested by many forms of biota and floating on the sea surface (Derraik, 2002; Galgani et al., 2015) . Floating marine litter and plastics can be washed up on adjacent coasts, foreshores and beaches by winds and currents.
While plastics on beaches can have damaging ecological impacts (e.g. Taffs and Cullen, 2005; Defeo et al., 2009) , macro beach litter is perhaps the element of the marine plastics problem that is most directly experienced by the general public who use our coasts. Beach litter stimulates concern in users of beaches, reduces their amenity value (e.g. Hartley et al., 2018) and creates economic costs to coastal communities who manage the litter (e.g. McIlgorm et al., 2011) . Surveyed quantities of plastic beach litter have been used as indicators of environmental levels of plastic pollution (e.g. OSPAR, 2017; Ryan et al., 2009) , and globally there is a growing societal movement for beach cleans and litter-picking activities (e.g. Ryan et al., 2009) .
While beach litter is a growing focus for marine managers, policy developers, and monitoring organisations, surprisingly few studies have looked at the actual mechanics of litter deposition and transport on foreshores and beaches. Browne et al. (2015) reviewed 83 quantitative studies of macro beach litter and concluded that still very little is known about the mechanisms affecting the accumulation of marine litter on beaches, except in the very broadest terms. While many studies discuss the possible dynamics of beach litter, studies that try to elucidate specific driving mechanisms often resort to statistical correlations between some measure of litter loading or accumulation rate, and driving functions such as wind, waves or tide. Kako et al. (2010) , using an innovative monitoring technique based on webcam observations of beach litter in Japan, correlated beach loadings with on-shore wind and concluded wind driven supply of litter was an important factor for their study beach. Prevenios et al. (2018) , using measures of both beach loadings and accumulation rates together with meteorological data, oceanographic models and various statistical models, suggested that sea transport was the dominant source of litter for their Mediterranean study beaches, along with in situ sources from beach users, and litter supplied by wind and river runoff.
While a statistical approach can point to what driving features may be of relevance, they cannot demonstrate the actual mechanisms involved in beach litter dynamics. One of the principal conclusions of the review by Browne et al. (2015) was that there was a critical need for hypothesis-driven studies of beach litter dynamics. Without improving our understanding of the dynamics of beach litter, we cannot understand its local, regional or global impact. Browne et al. were considering primarily hypothesis-driven field experiments, but this paper has taken a different approach, and is a hypothesis-driven modelling investigation of beach litter movement. Oceanographic modelling has been used extensively to understand the processes of transport of floating plastic debris in the sea (e.g. Lebreton et al., 2012; Neumann et al., 2014; Critchell et al., 2015; Liubartseva et al., 2016; Hardesty et al., 2017) , including the effects of ocean gyres, oceanic convergences, geostrophic currents, direct wind forcing, Ekman transport, and Stokes drift. Many of these studies have focused on understanding the ocean pathways from possible sources of litter, both land and sea based, to final destination be it on coastlines or within oceanic accumulations.
Most basin-scale models have simplistic representations of the beaching mechanism. For example, Lebreton et al. (2012) and Critchell et al. (2015) assume litter is permanently fixed to the shore once it touches a shoreline model grid cell. Liubartseva et al. (2016) employ a probability function that particles touching a coastline will be beached or not, Mansui et al. (2015) use a residence time within coastal grid cells as an indication of the beaching of near-coastal litter, while Neumann et al. (2014) assumed coastlines reflected model particles back into coastal waters.
One study looked at coastal processes in detail. Critchell and Lambrechts (2016) , following Critchell et al. (2015) , developed a model aimed at a rugged coastline, with multiple islands, headlands and shallow waters. Processes simulated by the model included settlement onto the seabed and beaching. Once on the beach, model particles could be resuspended and leave the beach, but they note that the process of re-floating litter off a beach, which will depend on wind-forcing as well as wave dynamics, needs more research. The model was essentially a coastal hydrodynamic model, including wind-forced current and horizontal diffusivity. Wind shadowing by high coastlines, and physical degradation of the plastics, were also included in the model. The aim of the model was to understand the causes of variability of beach loadings rather than on-beach litter fluxes.
This paper considers aspects of how marine litter may be deposited, and then eroded on macro-tidal, mid-latitude shelf-sea beaches. Here macro-tidal refers to areas where the co-oscillation of shelf seas has amplified the astronomical ocean tide. Pure ocean tides are generally of the order of 1 m in amplitude, whereas shelf-sea tides may be up to 10's m as amplification occurs through the harmonic resonance of shallow shelf seas (Pugh, 1996) . Mid-latitudes are specified to exclude areas where wind speeds and/ or directions are constant over large proportions of the year. Such constant conditions occur, for example, in the latitude of the trade winds (0°to 30°N/S) and within the polar high zones (> 60°N/S). The mid-latitudes (i.e. 30°to 60°N/S) are characterised by the seasonal passage of cyclones and anti-cyclones, of typical spatial scale 1000 km and speed over the ground of 10 m/s.
There will be many definitions of a "beach". Here the term is used in a general way to mean a sloping coastal strip where marine litter can be found left behind by receding water levels. The term could encompass rocky, coble or shingle sloping foreshores, for example, as well as sandy beaches. The study here does assume a certain degree of linearity in the profile of the foreshore. Distinct foreshore shelves, stepped beach profiles or rocky wave-cut platforms would not respond in the way described here, although the influence of such complex profiles may be considered in future work.
The specific area that this study targets is the North Sea coast of Scotland. From personal observation, North Sea Scottish beaches receive litter from the sea, yet are largely clean of litter. These two observations cannot be reconciled unless there is removal from, as well as deposition to, the beach from the sea. Otherwise there should be 50 years of accumulated plastics on our beaches. Discussion of beach litter often portrays a static position, with beach loadings described, and terms such as "litter sinks" used. However, it is clear that beach litter needs to be considered in a dynamic way, with the flow of litter through the sea, and onto and off from the beach understood.
Starting hypothesis
This paper examines the simple hypothesis that, in the case of the Scottish North Sea coast at least, it is the interaction between variable wind and varying water levels (the "variable wind and water level effect", or for brevity the "VaWWL effect") which produces the observed characteristics of the deposition of floating marine litter on our beaches.
The model is not intended as a predictive or diagnostic tool, rather as an illustrative one. It is hoped that it may provide some insights into beach litter dynamics that will help others think about the problems of beach litter, including designing sampling regimes, promoting beach cleans, developing better models of marine littering and understanding the flux of floating marine litter through beaches.
Methods

Example beach
The model was configured first for a typical "windward" (with respect to the land) macro-tidal, shelf sea mid-latitude North Sea beach. The example used was that of the beach at Aberdeen, within the North Sea and located in the north east of Scotland. This beach is approximately 22 km long and is orientated along 020°N (Fig. 1) . The predominant wind blows offshore from the beach, hence this is a "windward" beach (as opposed to a "leeward" beach, where the predominant wind would be onshore).
Model
The model provides a simple representation of wind-blown accumulation of litter on a tidal beach. Wind forcing is analysed with respect to the principal alignment of the beach, with a relative angle of incidence (Ɵ) of 90°for wind blowing directly onto the beach, and 270°f or wind blowing directly offshore from the beach (see Figs. 1 and 2) .
The model steps through time with a constant time step, which in this implementation is 1 h. Each time step, the water level H(t), wind speed W(t), and wind direction relative to the beach Ɵ(t) is read in from a data file. H(t) is derived from a standard coastal tide gauge damped for short-period waves, but will include both tidal and non-tidal (e.g. storm surge) signals. More information on the driving data is given below.
The amount of litter N litter (t) blown onto a unit length of the beach during a model time step t is given by:
where N constant is related to the background concentration of floating litter in the water off from the beach, W(t) is the average (or characteristic) wind speed during time step t, W max is the maximum onshore wind speed experienced during the model period and Ɵ(t) is the angle of incidence to the beach of the average wind during that time step. Note that the hourly supply rate, N litter (t) can be positive, or zero, but never negative. Eq. (1) implies that the maximum amount of litter that can be blown onto the beach during a model time step is N constant litter items per unit beach length, and this occurs for a wind strength of W max blowing directly onto the beach, i.e. Ɵ = 90°. Wind blowing at any other angle of incidence, or at any reduced wind speed, results in reduced amounts of litter per time step.
The role N constant plays in scaling the results is discussed below. In terms of units, N litter (t) can be assumed to be, for this paper, expressed as the number of plastic litter items per unit length of beach, parallel to the sea. The unit length is taken as 100 m as the number of plastic items per 100 m beach surveyed (np/100 m) is routinely used to quote beach survey data.
To relate N constant to the density of plastic litter items offshore, which is routinely quoted in number of litter items per square km (np/km 2 ), we can use the conversion that (W(t)/W max ). sin(Ɵ(t)) is unity when W (t) = W max and Ɵ(t) = 90°. That is, when these conditions are met then N litter (t) = N constant . Under these conditions, the area of sea from which litter is blown onto the beach in 1 h is given by 100 m in the alongbeach direction by Q·W max km perpendicular to the beach, when wind speed is given in km/h, and Q is an efficiency of the wind-driving process (Q is 1 for 100% efficiency, 0.1 for 10% efficiency; e.g. see wind drift factors of Neumann et al., 2014) . Thus
Where Table 1 ).
Model grid
The vertical extent of the beach is broken into I Nbox discrete compartments (Fig. 2) . This is done in regular vertical intervals. These vertical intervals could be converted to horizontal distance up a beach given a specific beach profile, as shown in Fig. 2 , but this is not necessary for the current application.
An actual record of hourly water level, H(t), from any typical open shelf-sea coastal location will contain astronomical periodic tidal oscillations including diurnal and semi-diurnal components resulting in the familiar (for Scottish coasts) two tides per day of period 12.42 h, with a neap/spring 28-day cycle (Pugh, 1996) . The record will also include non-tidal variations arising from processes such as storm surges and direct response to atmospheric pressures (the inverted barometer effect). (Turrell, 1992; thick red arrow) . Approximately 30% of this inflow feeds a southward coastal flow along the Scottish coast (thin red arrow). Smaller Map -details of Aberdeen beach which extends 22 km from the city in the south to the Ythan Estuary in the north. Wind Rose -wind recorded at Dyce airport, Aberdeen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
If H MLW is the minimum water level experienced during the modelled time period, and H MHW is the maximum water level encountered, then the vertical range of the model is given by the difference between them. If this is split into I Nbox model compartments, then the index I box (t) of the model compartment exposed to a tidal height H(t) at time t is given by
where INT is the integer value operand and R(t), which varies between 0 and 1, is given by
Note that the I Nbox model compartments define the vertical (z) axis of the model in a discretised formulation. In a dimensional space, the vertical height of each model compartment (z box m) is given by (H MHW − H MLW )/I Nbox , and the vertical extent of each model box (I box ) extends from (I box − 1)·z box m to I box ·z box m. However, in the model implementation the vertical dimension is dealt with using the normalised vertical height given by Eq. (4) and not real height in metres.
It was found that the model is very sensitive to the selection of the value of I Nbox . This is most likely as a result of the interaction between the vertical resolution of the water level data and the model grid. Following a sensitivity study (Supplementary material) a value of 500 was selected.
Wind onshore
If the wind is blowing onshore (i.e. 0°< Ɵ(t) < 180°) at time t, new litter given by Eq. (1), enters model compartment I box (t), identified using the water level at that time H(t). If the water level is rising (i.e. H (t) > H(t − 1)), this amount of "new" litter will also have an additional load added to it, swept up from all boxes containing litter below it, i.e. for boxes I box where 0 < I box < I box (t) − 1. If the water level is falling (i.e. H(t + 1) < H(t)), the amount of litter calculated using Eq.
(1) is deposited in model compartment I box (t) and is then left behind on the beach as the water level falls to level H(t + 1). Thus rising water levels sweep litter upwards along the beach and leave it at the highest point for that tide. Falling water levels leave litter in each compartment the tide recedes through. The stronger the wind, and the more directed onto the beach the wind is, the greater the amount of new litter deposited each time step.
Wind offshore
When the wind is blowing offshore (i.e. 180°< Ɵ(t) < 360°) at time t, all litter in "wet" compartments (given by Eqs. (3) and (4)) is removed from the beach, if the offshore wind speed (i.e. the wind speed resolved perpendicularly to the beach) is greater than a critical wind speed W offmin . During light offshore winds (i.e. W(t) < W offmin ) litter is swept up the beach on a rising water level as for onshore winds, but no new litter is deposited either on rising or falling water levels. The effect of the choice of W offmin is included in the sensitivity analysis (Plan View) , and from the side of (Section View), the modelled beach. H MHW -Maximum high water height that is experienced during the simulated period. H MLW -Minimum low water height experienced during the same period. In the schematic the model is split into N box = 9 compartments, with their indices I box varying from I box = 1 for the lowest compartment to I box = N box for the highest compartment. At time t, the surface of the sea is at a height H(t) above H MLW , and this level lies within model compartment I box = I(t). All compartments between I box = 1 and I box = I (t) are "wet" compartments as they are either at or below the level of the water at time t. All compartments between I box = I(t) + 1 and I box = I Nbox are "dry" compartments as they are above the level of the water at time t. In the model used in this paper, N box = 500.
Table 1
Basic statistics of the hourly driving wind forcing (Dyce airport, Aberdeenshire, 2000-2010 inclusive), resolved with respect to 020°N, i.e. a wind from 090°is directly onshore to a beach orientated along 020°N, and one blowing from 270°is blowing directly offshore. Speed units are knots, and directions are directions from which the wind is blowing. To convert from knots to km/h multiply by 1.853, and to convert to m/s multiply by 0.51. When resolved along 270°, the average offshore wind component perpendicular to beach is 6.1 knots (11.3 km/h). W offmin was selected for the base model run as 10% of this value, i.e. 0.6 knots. Bowman et al. (1998) conclude for Israeli beaches, the model beach is a "transfer station for migrating litter" and not a sink. Litter removal by strong offshore winds is the equivalent to the "self-cleaning" events observed by Bowman et al. (1998) , the removal of litter "by the tide" observed by Taffs and Cullen (2005) and storms wiping "the main beach clean" observed by Thiel et al. (2013) . Ourmieres et al. (2018) also observed that offshore wind events drove litter off Mediterranean beaches into the adjacent coastal current.
Total beach loading
A basic quantity tracked through time is the amount of litter in each model compartment. The sum of the amounts of litter in all model boxes, N total (t), is the total amount of litter (or more precisely of plastic litter items, as the model is tuned using the observed number of plastic items only -see section below) on the simulated beach at any time step t. N total (t) is the number of plastic items a beach survey would find on the simulated beach at time t, if it was a perfect survey (i.e. found all stranded litter items) which ran from the water's edge to the highest point water ever reached.
Litter age
One further aspect is tracked as the water level rises up and down the beach: the age of the litter, i.e. the number of model time steps litter remains on the beach and above the water level. If a rising water level deposits litter into a model compartment from several lower compartments, the age of the litter is taken as the oldest found in any of the swept compartments. A strandline is defined as a deposit within one of the model compartments that persists on the beach for longer than two tidal cycles (i.e. 25 h), in order to account for any diurnal inequality in the tide resulting in ephemeral deposits lasting more than a tidal cycle but not more than two. By tracking the age of the litter, and passing up the maximum age from lower compartments to higher ones, a strandline can be moved up a beach on a rising tide and still be identified as a continuous feature on the beach. When an offshore wind empties a "wet" model compartment, its litter content and age trackers are both set to zero.
Driving data
Hourly tidal height data H(t) was obtained from Aberdeen Harbour for the period 2000-2010 (UK Tide Gauge Network; H. Smith, pers. comm) . Hourly wind data W(t) and Ɵ(t) was obtained from Aberdeen airport (Met Office, 2006) . Both data sets had some missing data, which were filled in using either interpolation for short periods (i.e. < 5 h) or, for longer periods in the tidal records, by splicing in data from similar parts of the tidal cycle.
Note that it is within the driving data that all meaningful physics of this simulation exists. The wind data summarises the complex physics of atmospheric processes that leads to the hour to hour variation of wind speed and direction experienced by Aberdeen beach. It is the overall physics of the atmosphere that results in the statistics of the wind forcing, i.e. the frequency, strength and duration of onshore/offshore winds. Likewise it is the water level data that contains the physics of the astronomical tides plus wind driven processes such as storm surges. The interactions of these processes result in the statistics of water level change from hour to hour. The model simply takes these two sources of complex physics and acts as an "accountant". The currency of the model is the amount of litter in each model box. The only "mechanism" in the model is the IF statement, which decides if litter should be added to or taken away from a model box. The operands of the IF statements are water level and wind speed and direction. There are no dynamics of litter movement coded into the model. If the wind is onshore, floating litter beaches. If it is offshore and above the minimum set speed all floating litter leaves the beach. Litter is floating if the model cell is "wet". If the model cell is "dry", nothing happens.
Illustration of basic model operation -the VaWWL effect
The basic operation of the model, and of the VaWWL effect, is illustrated by Fig. 3 . This shows an example of model predictions of deposited beach litter for days 115 to 120, in the year 2000. For this illustration of how the model works, a model with just 20 compartments has been used. The horizontal axis is time in days, and the vertical axis is model compartment number from 1 to 20. The amount of litter in any model compartment at any model time step (1 h) is shown by a black solid circle whose diameter is scaled to the amount of litter present. If no litter is present in a compartment, no symbol is shown. The model compartment where the surface of the sea is located at each model step is shown by the coloured solid circles linked by a red line. The circles are red if the wind is blowing offshore (W(t) > W offmin ) for that model time step, and blue if the wind is blowing onshore.
As day 115 starts, the water level is rising and an offshore wind is blowing sufficiently strongly to remove litter from wet model cells. When the water level reaches an already existing strandline left by a previous tide, it is lifted off the beach and removed by the offshore wind (Point A, Fig. 3 ). As the water level then begins to fall, the wind switches to onshore and hence deposits are left behind as the water recedes (B). On the following incoming tide this litter is swept up the beach as the wind is still onshore. When the water level reaches high water a more intense deposit is left behind (C) consisting of the accumulated litter deposited during the previous outgoing tide by the onshore wind, as well as the new litter deposited that tide.
During the next few tides the wind remains onshore, and the high water deposit is repeatedly added to by successive tides (D). The deposit persists for more than two tidal cycles, hence becomes a strandline using the definition adopted here (D*).
The wind then switches to offshore during the ebb tide of day 118, and as the next high water is high enough to reach the strandline, it is lifted away from the beach by that high tide and offshore wind (E). As the wind remains offshore from then on, no further litter is deposited on the beach.
The strandlines in model compartments 15 and 16 were deposited prior to day 115 by very high water levels. They remain untouched throughout the example period as they are higher up the beach than the water level ever reaches during this period. Fig. 3 illustrates the basic operation of the model, but also reveals a principal weakness of the model. Although it simulates some of the very basic actions of stranding litter on a beach, its very nature is too deterministic. For example, in Fig. 3 at point E, if the height of the high tide had just been a few centimetres less, the beach would not have been emptied of the existing strandline, and hence the total litter content of the beach would have been dramatically different in the next few hours to possibly days.
Stochastic component (surface waves)
In order to overcome this deterministic feature of the simulation, a stochastic component is introduced. Eq. (4) now becomes,
and H w is the amplitude (m) of a small random variation to sea level height. For Aberdeen beach the maximum tidal range during the period 2000-2010 was approximately 5 m. The base value selected for H w was 1% of the tidal range, i.e. 5 cm, although the sensitivity of the model to this value was tested (see Supplementary material). The random number RND has the properties −1 < RND < 1. In some ways H w could be thought of as the amplitude of small waves imposed upon the average water level at time t.
Surf swash
One final process was added to the model simulation, that of surf swash. When strong onshore winds generate large surface waves, these can surge up a gently sloping beach and push litter further up it. The additional vertical height resulting from waves swashing up the beach, H swash (t) is assumed to be scaled by the strength of the onshore wind, similar to Eq. (1), i.e.
where H s is a constant. For the base model run, this is assumed to be twice that of the random wave component, i.e. 0.1 m, although as with H w , the sensitivity of the model to the selection of this parameter is examined in the Supplementary Material. Now the operands in Eq. (5) become
The value of H* MLW does not alter as swash here only acts to increase water level not decrease it.
Diagnostic quantities
In order to investigate the properties of the model some investigative diagnostic quantities are used (Table 2) .
Ensemble averages
As the model has a stochastic component, response functions are examined using ensemble averages of the outputs of a series of model runs. For this paper the standard number of runs has been chosen as 20. The model runs with an hourly time step. When daily or monthly averages are used, these are calculated first for each model run, then the ensemble average (and standard deviation) is calculated using all of the 20 estimates of daily or monthly average.
Low water (LW) values
For some of the analyses in the results section, rather than 24-hour average values of the response functions, "low water" (LW) values have been extracted, i.e. values obtained when the tidal curve is at its minimum in the tidal cycle. The disadvantage of 24-hour averages is that they can alias a tidal signal in the response functions. Basing measurements on the tidal cycle has the advantage of being commensurate with one of the two principal driving functions of the process. Thus, the following "low water values" have been used in this paper: (t) Total number of strandlines on the beach at time t Unitless LW Ntotal
The instantaneous total beach loading, N total (t), at the time of the current LW (t LW ) np/100 m LW flux The flux of litter either onto or off from the beach between successive low waters np/100 m per hour LW fluxon The flux of litter onto the beach between successive low waters. Value set to zero for flux off from the beach. np/100 m per hour LW fluxoff The flux of litter off from the beach between successive low waters. Value set to zero for flux on to the beach. np/100 m per hour LW windon
The average wind speed component resolved perpendicularly to the beach. Positive for onshore winds, negative for offshore winds. The average is calculated between successive low waters. knots
LW Ntotal
This is the instantaneous total beach loading (N total (t)) at the time of the current LW (t LW ). Units are np/100 m. It is the equivalent of a beach loading estimate derived from a beach survey conducted at low water from the water's edge to the highest point on the beach water ever reaches.
LW Nlitter
This is the supply of floating litter to the beach from the sea over the period from the time of the preceding LW (t LWp ) to the time of the current LW (t LW ) per unit time (hour). 
Units are np/100 m per hour. Typically, for Aberdeen beach, there are 12 h between lowest water levels, but this can vary depending on non-tidal effects such as storm surges, hence the importance of normalising using a time unit smaller than the tidal period.
LW flux LW fluxon LW fluxoff
A further key model output is the change in beach litter loading, N total (t), between one low water and the next. The total amount of litter on the beach at one specific low water may be less than, equal to, or more than the total amount on the beach at the previous low water. If it is less than, the beach has lost litter, and if it is more than, the beach has gained litter. Hence this "accumulation rate" can be either negative or positive. 
Note that for most plots presented here, wind speed units are knots as that is what UK beach surveyors and users are most familiar with. To convert from knots (nautical miles per hour) to km/h multiply by 1.852, or to convert to m/s multiply by 0.51.
Accumulation Rate
LW fluxon is equivalent to "accumulation rate" or "loading rate" that surveys attempt to measure in the field (Ryan et al., 2009 for a review; also Eriksson et al., 2013; Smith and Markic, 2013) . In principal, LW fluxon could be measured by either the litter removal method (e.g. Eriksson et al., 2013) , the litter marking method (Bowman et al., 1998) or the difference in total counts between low waters (review of methods by Browne et al., 2015) . Note that LW fluxoff cannot be measured or observed by the litter removal method (as there is no litter to remove), and unobserved episodes of flow of litter off from the beach may result in changes of observed accumulation rates (e.g. LW flux ) with sampling interval (e.g. Smith and Markic, 2013) .
Base model runs
A base set of model parameters has been selected following initial trials of the model, against which model variations can be tested. The base model was also used to tune the litter content of the offshore waters in order that model and observed values agreed (see section below). Table 3 gives the parameters used for the base model. The base model run consists of 20 independent runs (Base Model Run 1 to Base Model Run 20) all using the same model parameters.
The model and analytical software was written in PowerBasic™, and output was displayed using the graphics packages Grapher™ and Surfer™, both supplied by Golden Software inc.
Tuning the model
In order to tune the model so that predicted beach litter values were realistic, modelled values were compared to beach survey data collected by the Marine Conservation Society within their Beachwatch programme (MCS, 2018a,b) . Twenty-three beach surveys were carried out along Aberdeen beach between the years 2008 and 2010. The average number of plastic litter items collected by these surveys was 127 np/100 m.
The analytical model quantity chosen to compare to the observations was the total number of litter items found on the beach per model time step, N total (t), averaged over the day of the survey (Supplementary Material). The average of the 20-model run ensemble daily averages of the model for the days when beach surveys were carried out was 38 modelled units.
Hence to raise the model output values to be the same order of magnitude as observed values of beach litter on Aberdeen beach requires an N constant value of 3.3 np/100 m.
Using Eq. (2) we find that this value of calibration constant arises from an offshore litter density, N area , of approximately 0.7 np/km 2 for 100% wind forcing efficiency, and 7.0 np/km 2 for 10% efficiency.
Observed average values of floating plastic litter for the North Sea vary between 1 and 27 np/km 2 (Galgani et al., 2015, and realistic values, based on observations, using a tuning constant that is also physically realistic, and also based on observations, is encouraging. The model as presented here is tuned for plastic items as observed on Aberdeen beach. It could, of course, be tuned to any floating debris on any similar windward, mid-latitude, macro-tidal beach where water level and wind data is available. Its more general application is yet to be investigated. There are more detailed discussions of model sensitivity, tuning, accuracy and precision presented in the Supplementary Material.
Results
Variable wind and water level (VaWWL) interactions
To introduce the output of the model, how it functions, and how it simulates the interaction between varying winds and varying water levels, a series of typical wind events are now examined in some detail, before more general results from the model are presented. For each event the driving functions H(t) (water level), H w (t) + H s (t) (additional water level due to random small waves, and surf wave swash), and N litter (t) (onshore wind driven litter supply), and the diagnostic variables N total (t) (total litter on the beach) and K strand (t) (number of strandlines > 25 h) are presented. Fig. 4 presents model driving functions, and model output for days 1 (1/1/2000) to day 160 (8/6/2000). For the first 80 days of the period, although there were three strong onshore wind events, they occurred on rising tides (neaps to springs) and there were frequently interspersed offshore winds resulting in removal of litter. Low water beach litter content (LW Ntotal ) never exceeded 30 np/100 m.
Basic deposition/erosion processes -onshore storm
However, a strong onshore wind event occurred (Point 1, Fig. 4 ) when tides were just coming off the highest spring tides. The large amount of litter being driven onshore, coupled with the additional wave swash caused 5 strandlines to be left behind on the beach, resulting in a total LW beach loading of about 70 np/100 m. This persisted for about 10 days as high water (HW) heights reduced during neap tides. When they started to rise again, water levels finally reached the stranded litter, and an offshore wind emptied the beach (Point 2, Fig. 4) .
Note that between Points 1 and 2 in Fig. 4 , there were numerous periods of offshore wind (i.e. gaps in N litter (t) plot). However, no litter was removed from the beach as water levels were falling. This example illustrates that beach litter content, and fluxes of litter onto and off from a beach, are not a simple function of wind stress, rather it is a complex function of when wind blows in relation to water levels, in relation to the height of stranded litter (i.e. the VaWWL effect).
Basic deposition/erosion processes -neap/spring cycling with mixed winds
Between days 100 and 120, the number of strandlines on the beach oscillated with the spring/neap cycle, but litter content gradually built up.
Strandlines were formed as the tidal cycle proceeded from springs to neaps, as successive HWs, even with the added wave swash, were insufficient to reach the height of the deposited litter.
When the tides progressed from neaps to springs, strandlines remaining on the beach started to be pushed up the beach as HW water levels reached them once more. However, these strandlines were not removed from the beach as the wind was either not sufficiently strong offshore to do this, directed offshore when water levels were below that of the strandlines or they were directed onshore, and hence total LW litter content did not decrease. Rather, strandlines were "rolled" up from 11 separate lines (Day 118/119, Point 3, Fig. 4 ) to eventually just 3 (Day 125/126, 04-05/05/2000).
After Day 127 (06/05/2000), the spring/neap cycling continued, although the beach was partially emptied when winds turned offshore (Day 137, a few days after Point 4, Fig. 4) . Here offshore winds occurred when water levels reached some strandlines, but some remained above the water level. At Point 5, Day 154 (02/06/2000), the beach completely emptied as water levels were high enough to reach all strandlines, and there were strong offshore winds.
Basic deposition/erosion processes -persistent strandlines
It is obvious that strandlines pushed up the beach by very high water levels will persist at least until the water level again reaches those levels, and perhaps longer if no offshore winds blow when water levels are sufficiently high to reach the litter. For example, one strandline was initiated during strong onshore winds between days 2257 and 2266 Thus the litter flow between the sea and the beach is generally characterised by intermittent, slow onshore flux, interspersed with sudden events of large offshore flux.
Basic deposition/erosion processes -litter build-up under on-shore winds
The specific examples of model behaviour presented above, under various conditions, hopefully confirm that the computer simulation is operating in the way it had been conceived, and is correctly simulating the proposed VaWWL effect as experienced on Aberdeen beach between 2000 and 2010. A full 11-year model run (Base Run 1) is presented in the Supplementary material for the reader's perusal. The thought experiment now continues by attempting to use the model to derive more general characteristics of beaches, Scottish North Sea beaches in particular and specifically Aberdeen beach. 
Beach litter loadings -average values
Beach litter loadings -frequency of loadings
On average, over the twenty replicate runs, 18% of low waters on Aberdeen beach had total beach litter loadings of < 10 np/100 m. This implies that if a beach survey randomly chose a low water to survey, it would have an 18:100 (approximately 1:5) chance of finding a beach almost free of litter. Of the 52 MCS beach surveys conducted between 2008 and 2017, 10% found < 10 np/100 m beach loadings (MCS, 2018a). Low (< 10 np/100 m) beach loadings confirm that episodically Aberdeen beach is emptied of litter, as the VaWWL effect predicts. Fig. 6 (upper figure) presents the full frequency spectrum for simulated total beach litter loadings (red bars), compared to the same spectrum derived for the MCS Beachwatch data (blue bars). No surveys found litter loadings > 550 np/100 m, while the model simulations had loadings of up to 1000 np/100 m, but these were few in total (0.9% of simulated low water litter loadings were > 550 np/100 m). The observed and simulated frequency spectrums for 0 np/100 m up to 150 np/100 m vary similarly, although simulated frequencies were always greater than observed frequencies. A change occurs for loadings above 200 np/100 m. While simulated frequencies continue to decline, there is a step increase in the frequency of observed loadings. This is hard to explain, and may be due to a local source of plastic litter on Aberdeen beach, such as from local rivers or beach users, which affected the observations but was not included in the model. Additionally observer behaviour on citizen-science surveys may lead to some variability (see Nelms et al., 2017) .
Beach litter loadings -survey accuracy
It might be asked how often a low water survey would have to be undertaken in order to get an accurate value for overall average beach litter loading. Fig. 6 (centre left) shows the percentage error in the calculated overall average beach loading (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) for varying numbers of low waters being skipped (i.e. not surveyed). If each and every low water is surveyed over the 11 year period (skip value = zero), then the overall average beach loading is 114 np/100 m. As increasing numbers of low waters are not surveyed (i.e. are skipped), so the percentage error in this value increases. If approximately 110 low waters are skipped (i.e. one survey roughly every 55 days), the percentage error increases to ± 10%. This means that about 6 or 7 surveys are needed on Aberdeen beach each year in order to get an estimate of average beach loading within ± 10% over an 11 year observing period. 
Beach litter loadings -correlation with onshore wind
Many studies try to find correlations between beach litter loadings and driving functions, such as wind (Ryan et al., 2009 ). Fig. 6 (centre right) also presents a comparison between low water simulated beach loadings and the onshore wind speed averaged over the preceding tidal cycle (low water to low water), i.e. LW windon . There is no possibility for a correlation to succeed.
The VaWWL effect results in a complex relationship between the past history of wind and water level variability and total beach loading. An example may be seen in the horizontal lines visible for negative (offshore) winds. These are constant beach loadings resulting from persistent strandlines high enough up the beach so that the water levels, at the time of the offshore winds recorded, cannot reach them. This is the "long-lasting debris" that Ryan et al. (2009) suggested would frustrate attempts to monitor offshore floating debris concentrations using beach loading monitoring.
This result may imply that correlative studies between beach loadings and driving functions, and studies that try to use beach loadings to infer offshore floating litter densities, at least on beaches where the VaWWL effect is active, are not likely to succeed. This supports the observation by Schulz et al. (2013) that beach litter abundances are "temporally highly heterogeneous", and the "lack of large-scale trends in OSPAR [beach loading] data is probably due to small-scale heterogeneity" of deposition patterns.
Beach litter loadings -interannual variability
If the VaWWL effect is responsible for the variability observed in beach litter loadings, one might say that as each year the overall pattern of winds are similar, and the tide the same, that there may be little inter-annual variability. However, this is not correct. Fig. 6 (lower figure) shows the 11 annual average values of LW Ntotal simulated over the period 2000 to 2010. Note that the offshore litter content of the model (i.e. N constant ) does not vary throughout the period and that these annual averages are the equivalent of surveying the beach each and every low water. The interannual variability is approximately ± 53 np/ 100 m, or ± 50%. There is no obvious correlation with annual mean onshore wind speeds.
Wind driven floating litter supply
If there was a way of observing the inter-tide delivery of floating litter from the sea (LW Nlitter ), one might expect to be able to relate it to the density of offshore floating litter. One way might be to correlate values of delivery of litter to the beach between low-waters per unit time (LW Nlitter ) with the average inter-tide onshore wind component (LW windon ). These two values are plotted against one another in Fig. 7 .
Data pairs of LW Nlitter and LW windon calculated for inter-tide periods that experienced consistent onshore winds lie along lines of fixed slope for the model presented here (Fig. 7 , Left, and discussed in Supplementary Material). This constant-slope line is clearly evident in Fig. 7 (upper left), with slope 1.32, and plotting data pairs from inter-tidal periods when only onshore winds were experienced (Fig. 7, lower left) confirms the source of this line.
In all, 16.3% of all inter-tide periods during the period 2000 and 2010 experienced only onshore wind. These data pairs lie along the "constant slope" line. It can be also seen from Fig. 7 that, for Aberdeen winds at least, strong average onshore winds (i.e. > 8 knots) were associated with consistent onshore winds. i.e. onshore storms generally persisted for longer than one tidal cycle.
In contrast, 29.3% of all inter-tide periods experienced only offshore winds, and hence had zero LW Nlitter and such data pairs lie along the bottom axis of Fig. 7 .
The remaining 54.4% of inter-tide periods experienced mixed winds, directed both onshore and offshore. These data pairs form the mass of points to the left of the "constant slope" line and above the horizontal axis in Fig. 7 (upper left) . For any specific value of LW Nlitter , the inter-tide average LW windon is reduced owing to the mixed nature of the winds, hence data points lie to the left of the "constant slope" line. Fig. 7 (right) also confirms that the onshore accumulation rate calculated using the difference in total beach loading from one low water to the next (LW fluxon ) is in general identical to the supply of winddriven floating litter (LW Nlitter ). This is certainly true for inter-tide periods that experienced only onshore winds (Fig. 7, lower figures) . For mixed wind inter-tide periods, the VaWWL effect introduces some small additional variability to LW fluxon compared to LW Nlitter . 
LW fluxon
Average accumulation rates
Beach residence times
The average residence time can be calculated by dividing the average beach litter loading (114 N total np/100 m) by the average onshore flux of litter (0.24 np/100 m per hour), i.e. 475 h or about 20 days. The actual time a piece of litter could stay on the beach in the model was much more variable, however. We have seen above that individual strandlines could stay on the beach for up to 7 months at a time. Conversely, some litter entered and left the beach over the course of one tide.
Discussion
The implementation of a computer simulation testing the hypothesis that beach litter loadings of floating plastic litter are controlled by the interaction between varying water levels and varying winds, at least for a windward, mid-latitude, macro-tidal beach, has resulted in a model that allows some aspects of beach litter dynamics to be considered.
Model success -tunability
Perhaps the most fundamentally encouraging aspect of the model is that it is tunable. Without any manipulation, a physically realistic density of offshore floating litter resulted in observed realistic average beach litter loadings.
Model success -enhancement of litter on the beach
A second aspect, which perhaps is not so immediately obvious and is not often recognised explicitly by beach studies, is that the model reproduces the huge enhancement of litter that occurs between the sea and a beach (e.g. van Cauwenberghe et al., 2013) .
Litter "densities" on a beach are hard to exactly define, as the "width" of a tidal beach (the dimension perpendicular to the sea) 
Persistent strandlines
It will not be a surprise to anyone who regularly observes a midlatitude tidal beach that persistent strandlines can form high up the beach after storms or very high tides, and onshore winds. Strandlines are often used as a focus for beach surveys and beach cleans (e.g. Williams et al., 2017) . However, the model allows us to see, using real water levels and variable winds, how long such lines can persist in the absence of any other removal processes. Using data characteristic of Aberdeen beach, the model suggests that high-beach strandlines of 50 np/100 m could last for at least 7 months.
With this in mind, beach cleans in the context of macro-tidal midlatitude windward beaches, can improve the status of a beach for several months if very high strandlines are removed. Persistent strandlines could get blown off the beach or covered with beach sediment, causing associated detrimental effects. High-beach strandlines will be visible to users of the beach, and hence lower its aesthetic value. However, they are not significant "sinks" of litter, at least not in the case studied here.
Beach litter as an indicator of offshore plastic pollution levels
The results presented here suggest that varying beach litter loadings do not necessarily indicate varying offshore litter densities. Low water beach plastic litter loadings can vary by three orders of magnitude, 0 to 1000 np/100 m, simply by the interaction of variable winds and water levels. Hence the interpretation of beach litter data must be dealt with cautiously, and with an understanding of the location and dynamics of the surveyed beaches in relation to local winds and water levels. One year of regular beach survey data is not long enough to characterise a mid-latitude, macro-tidal beach. The statistics of beach survey data may be explored in a further paper.
A note on microplastics
The model as conceived applies only to floating macro-litter. Floating microplastics will undoubtedly undergo similar deposition and erosion processes, but the likelihood of incorporation into the beach sediment must be much greater owing to their smaller size (Zhang, 2017; Hinata et al., 2017) . Critchell and Lambrechts (2016) also suggest that microplastics will be directly driven by the wind less than macrolitter.
When sampling microplastic in beach sediments it is still important to remember the spatial heterogeneity multiple depositional strandlines will produce in the beach, as well as the temporal variability the interaction of variable winds and water levels may produce, especially as this variability will be less visible for microplastics compared to macro litter. The interpretation that concentrations of microplastics found in beach sediments can be related to those in the sea offshore from the beach, and hence act as an indicator of background marine microplastic concentrations (e.g. Blumenröder et al., 2017) is not a straightforward assumption, and great care is needed when conceiving the spatial and temporal design of a survey for beach microplastics (e.g. Hinata et al., 2017) .
Missing factors
The simple model presented here leaves out many pertinent processes that may well dominate actual beach loadings. Local sources of plastics and litter on a real beach may be more important than distant sources. In reality, the profile of a beach and wave dynamics may be dominant over the average water level processes described by this model. Wave surge up a beach may be determined by sea swell that persists long after the onshore winds that create it have decreased, or can propagate long distances from remote storms (e.g. Edyvane et al., 2014) . Beach sediment dynamics will be involved in the capture and burial (e.g. Williams and Tudor, 2001 ) of beach litter, and beach litter may be blown inland from the beach (e.g. Thiel et al., 2013) .
However, perhaps the main weakness of the model is that it assumes a constant offshore litter density, which will not be the case in reality. For example, in reality a persistent onshore wind may "drain" the local coastal waters of litter if it is not replaced from elsewhere. The model itself suggests to us that coastal waters will experience a small yet prolonged drain of floating litter onto the beach, and receive sudden and large injections of floating litter from the beach. This process will produce very patchy floating litter distributions within a coastal current flowing parallel to long stretches of beach.
However, as stated before, the aim of this study was not to predict actual loadings on a specific beach, but rather to see if the simple concept of varying wind and varying water level interaction could explain any of the features we see on macro-tidal, mid-latitude beaches.
Litter "Sinks"
The concepts of "litter sinks" are probably irrelevant for the majority of the open-coast windward North Sea UK coastline. Certainly some beaches will be heavily littered, for some of the time. High strandlines can persist in some places for many months, giving the impression of a permanent litter "sink". However, sites where floating debris always accumulates and is never eroded (a true sink) are absent owing to the interplay between variable winds, macro-tides and nontidal processes such as storm surges and wave swash.
For a true litter sink, one criteria must be met. The removal rate of litter from that location (i.e. LW fluxoff ) must be less than the deposition rate (LW fluxon ). A true litter sink should be known historically, as natural debris will accumulate there just as plastic does now. One clear case is Kamilo Beach on Hawai'i, where debris accumulations have been known from "ancient times" (Carson et al., 2013) . On the west coast of Scotland, seaweed wrack harvested from "ware beaches" was traditionally used as a source of agricultural fertiliser. This picture does not match Scottish North Sea beaches, which are most often large stretches of open, clean sand. The fact that they are "sinks" for granular sediment does not mean they are sinks for floating debris, as sediment and floating debris dynamics are very different and should not be confused with one another.
The model used here assumes litter that leaves a beach is instantly removed. Such a condition may not be met under many situations, such as beaches exposed to constant onshore winds (e.g. trade wind beaches or monsoon beaches, e.g. Hermawan et al., 2017) , beaches within persistent eddies (e.g. adjacent to headlands or behind islands; Deleersnijder et al., 1992) , beaches within steep sloped valleys or fjords and hence sheltered from offshore wind directions for example, or beaches inshore from ocean convergences (e.g. Fazey and Ryan, 2016) , such as fronts formed by river discharges or tidal-mixing fronts.
Conclusions
The simple conceptual model of how the sea and winds deposits and erodes litter onto a macro-tidal, mid-latitude beach is somewhat stating the obvious. Many of the aspects of beach littering revealed by the model will be well known to any regular beach user. However, the model does allow us to probe a little deeper, and to quantify some values that the casual observer would struggle to estimate.
Principal Model Outcomes
The simulation of the VaWWL effect on Aberdeen beach, driven by observed winds and water levels for the period 2000 to 2010 inclusively, coupled to an assumed constant offshore floating plastic litter density, was able to explain: The simulation of the VaWWL effect has provided evidence to suggest the following hypotheses that may be tested by future studies:
Beach Litter Loadings 1) For Aberdeen beach, at least 6 or 7 surveys each year are needed to define the long term (11 year) average beach litter loading. 2) On beaches where the VaWWL effect is active, the variability of total beach litter loadings observed during surveys cannot be correlated with driving wind (or water level) variability owing to the characteristics of stranded beach litter loadings produced by the VaWWL effect. 3) At least for Aberdeen beach, the VaWWL effect alone, when driven by real winds and water levels, can result in ± 50% variation in annual average beach litter loadings over an 11 year period, with all other parameters held constant. 4) The natural long-term (e.g. inter-annual) variability introduced to beach litter loadings by the VaWWL effect may explain why longterm trends have not been found in many beach survey data sets (e.g. Schulz et al., 2013) and why setting targets for the Marine Strategy Framework Directive for beach litter loadings has proved difficult (e.g. Schulz et al., 2017) .
Accumulation Rates
5) For this simulation of the VaWWL effect, the ratio between accumulation rate per unit time and average onshore wind speed is a fixed constant which is related to the density of offshore floating litter. If the offshore density changes, so will the ratio. The ratio is not altered by the VaWWL effect. In this model at least, measurement of the ratio can be used as a proxy for offshore floating litter density. 6) However, the statements above are only correct for measurement intervals that experience onshore winds only. If the measurement period experiences mixed winds (i.e. onshore and offshore winds), then there is no fixed ratio between accumulation rate per unit time and onshore wind speed, and the VaWWL effect does introduce variability to the ratio. 7) Accumulation rate per unit time by itself cannot be related to offshore floating litter density for wind-driven litter supply, if wind speed and direction varies during the observing period.
Use of the model and analysis of the results lead to the following recommendations 1) A survey of a tidal beach for total litter loading is best done from the water's edge to the highest point water ever reaches, and is best performed at low water. All litter, inside or outside strandlines, should be counted. 2) If accumulation rates are to be observed on beaches where tide is present, base the observations around the tidal cycle, and calculate observed accumulation rates per unit time where the unit time is small enough to resolve differences in observational period (e.g. per hour, not per tide). "Daily" rates, based on a calendar day, are not appropriate (e.g. Eriksson et al., 2013; Smith and Markic, 2013) . 3) Accumulation rates are best estimated by taking the difference between an estimate of total beach loading at a specific low water and a similar estimate from a previous low water. This difference method can observe both onshore and offshore litter fluxes. However, accumulation rates must only be used from periods with exclusively onshore winds if they are to be related to offshore floating litter densities. An optimum plan might be to conduct low water surveys each daylight low water over a period of strong onshore winds. Measurements should be discarded if any offshore wind occurs between measurements. Wind speed and direction must be recorded in order to normalise observed onshore accumulation rates. Without quantitative models of the local VaWWL effect, or direct measurements of offshore floating litter density in order to provide a scaling constant, only changes in offshore floating litter densities can be inferred by observations, not absolute amounts. 4) Programmes of beach cleans incorporating quantitative surveys using standardised protocols, such as the Marine Conservation Society Beachwatch programme, are vital. As real accumulation rates may be extremely difficult, if not impossible, to measure, long term average beach loadings may be the only real way of characterising a beach, the litter sources that influence it and the integrated effect of the local VaWWL effect. Beach loadings measure the aspect of the beach that most users are concerned with and citizen science surveys act as catalysts for education, outreach and action on plastic litter in the sea.
